Controliable reduction of critical currents in YBa,Cu,0,_; films
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The critical currents ir high guality thin films of the high 7, superconductor, YBa,Cu,G, 5,
can be controllably reduced by orders of magnitude using ion irradiation. This reduction in
critical current occurs without substantial decrease in T, or increase in room-temperature
resistivity. Using this technique, we have fabricated weak Yinks that exhibit an ac Josephson

effect at 77 K.

Most technological applications for the high 7, super-
conductors require critical current densities in excess of 10°
A/cm? at 77 K. However, for applications which involve a
Josephson “weak link™ between two regions of good super-
conductor, the ability to controilably reduce the critical cur-
rent (£, ) would be very convenient. For example, in order to
optimize the sensitivity of a superconducting quantum inter-
ference device (SQUID),' the parameters should be chosen
to satisfy

2LT, [ o~1,

where L is the ioop inductance and &, is the fundamental
flux quantum.” It is difficuli to make structures small
enough to lower the L below 10 Y H, so often F_ must also be
reduced. By introducing defects with an 1on beam, we show
that the critical currents in YBa,Cu,0), 5 films can be re-
duced by orders of magnitude without substantial changesin
T or the room-temperature resistivity. The use of ion beams
for this purpose 1s particularly appealing because it is com-
patible with conventional integrated circuit fabrication tech-
niques.

In earlier work on YB2,Cu,0, _; films,” ion bombard-
ment resuited in resistance (R) transitions that showed a
signature of the original onset even at high fluences, but
broadened continuously. We interpreted this as evidence for
a loss of phase coherence between regions of good supercon-
ductor. In fact, ion-beam-induced damage in these films
starts to degrade the =zero resistance temperature
[ 7{R == 1)} before changes in the crystal structure, as mea-
sured by ion channeling or x-ray diffraction, can be ob-
served.™* Much progress has been made in the fabrication of
epitaxial YBa,Cu,0, , films since then,” with concomiiant
changes n the radiation effects.

The films studied in this work were fabricated by simul-
taneous deposition of Y, Cu, and BaF, in a partial pressure
(1 107° Torr) of O, on {100) SrTi0, substrates.” The Y
was evaporated using electron beam heating, and the Cu and
BaF, were evaporated resistively. Annealing was performed
at temperatures of 800 °C in flowing O, that had been bub-
bled through H,O. The presence of H,O facilitates the remo-
va! of the F from the as-deposited film and accelerates the
formation of the pure superconducting phase. The stoichi-
ometry of the as-deposited films was confirmed using Ruth-
erford backsecattering spectrometry (RBS) and the axial
alignment of the reacted films with the SrTi, substrate was
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determined with ion channeling. After annealing, the films
were lithographically patterned and etched in dilute HCl to
form a 50-pm-wide bridge geometry which enabled four-
terminal resistance measurements. All the films discussed
here had sharp superconducting transitions { « 3 K) with
T{R = 0)'sof > 90K and axial alignments of > 70% before
irradiation. We chose an energy of | MeV for the Ne™ bom-
bardment 1o ensure that the range of the ions was much
greater than the ~2000 A film thickness.

In this study, £, was defined as the current at the break
in the current-voltage (/-¥) characteristic of a bridge
{ which corresponds to developing ~0.5 iV between the vol-
tage probes}. Critical current densities (J, ) in these onent-
ed films are typically 10°-10° A/cm” 2t 77 K. Nosign of an
enhancement of 7, (Ref 6) was cbserved at the lowest
fiuence (110" /cm?). Decreases in 1. were cbserved at
fluences as low as 5 X 10" Ne * /cm?, even before changes in
the B vs 7 plots could be identified. As shown in Fig. 1{a),
the decrease in £, with ion flucnce is monotonic and nonlin-
ear. Although the fluence scale is slightly different for each
film, the shape of the curves is similar. In general, once a
section of the film has been characterized, the reduction of 7,
with irradiation is exactly reproduced in other sections. As
iliustrated in Figs. 1(a) and 1(b), we were able to achieve
reductions of three orders of magnitude in 7, while only rais-
ing p(300 K) 50% and maintaining 7, above 77 K. This
stggests that the type of defects being introduced by the ion
beam may also be partially responsible for the low critical
current densities in polycrystalline ceramics which have
T.’s and p(300 K )’s that are similar to those of the films.

Identifying the exact nature of these defects is difficult,
but the density of displacements can be estimated by doing a
Monte Carlo calculation of the nuclear energy deposited in
the film,” assuming that the energy to displace an atom aver-
ages 20 eV and the cnergy to break a bond averages 1 V.
When recoils are included, the calculation gives ~1x 10"
displacements/em” for a fluence of 1 X 10" Ne™/cm” at 1
MeV. Although the calculation is oversimplified, this order
of magnitude estimate of displacements can provide pinning
centers every 50 A. Although some pinning centers are nec-
essary to stop flux flow and maintain high critical currents,
when they start to overlap on the size scale of the coherence
length { ~30 A), the fluxoids can move easily between pin-
ning centers and the critical current is greatly reduced. It is
not until the defect density approaches interatomic length
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FIG. 1. (a) Reduction of J. (77 K) in three oriented thin films of
YBa,Cu,0; 4 as a result of ion bombardment with 1 MeV Ne™. The data
for cach film are normalized to /. before bombardment: 0.06, 1.16, and
0.42 % 10° A/cm” for films No. 1, 2, and 3. (b) Decrease of T(& = 0} and
increase in p{300 K) for film 2 from (a) over the same fluence range. Al-
though /. drops three orders of magnitude after a total fluence of 4x 10"
MNe™/em?, p(300 K ) and 7{R = 0) have not changed significantly.

scales at fivences that are two orders or magnitude higher,
that superconductivity is completely destroyed (T, goesto ¢
K).

Since the ion-beam-induced changes in 7(R = 0) and
p{300K ) have been shown to depend on the nuclear energy
deposited in the film,>* we expected the changes in J, to
scale with the deposited nuclear energy also. In order to test
this hypothesis, lower energy (200 keV) F* irradiations
were performed. We chose a fluence of 7 X 10'%/cm” in order
to approximate a 1 MeV Ne™ fluence of 3 X 10" /em?. This
irradiation resulted in a reduction of greater than 80% in the
£ of the film, similar to that caused by the Ne™ irradiation,
indicating that lower energy irradiation may also be effective
in tuning £_.

We also studied the destruction of superconductivity in
these films. A series of B vs T plots at several fluences for a
representative film is presented in Fig. 2. Although p(300
K} does increase linearly, this series differs in several signifi-
cant respects from the previous filins.” In particular, the on-
set of superconductivity moves to lower temperatures with
increasing fluence and the transitions do not broaden sub-
stantially. This is more reminiscent of destroying supercon-
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FIG. 2. Series of R vs T plots for a high quality YBa,Cu,O, _, film (No. 2
from Fig. 1) showing the transition from superconducting to insulating be-
havior as 4 function of 1 MeV Ne? fluence. For increasing resistivity, the
fluences are (from the bottom curve up): uvndamaged, 1.0, 2.5, 4.0, 10.0,
15.0, 20.0, and 22.0 1G9 /cm?.
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ductivity by reducing the amplitude rather than the phase
coherence of the pair wave function.® Nonetheless, the
fiuence required to eliminate bulk superconductivity in the
films is ~2 X 10" /cm?, similar to the previous work.”

A possible explanaiion for the differences between the
two sets of films is that inhomogeneities in the early films
provided sinks for the ion-beam-induced defects. Several
groups have observed that those defects are mobile at room
temperature™® which lead us to speculate that the effect of
irradiation is to generate disorder on the oxygen sublattice.
Regions of high defect concentration will then be insulat-
ing,'? leading to the “‘granular” behavior observed in the
resistive transitions. High-resolution transmission electron
microscope (TEM) studies of these films do show motiled
contrast on a 100 A scale, indicative of this sort of granular-
ity.!" In the absence of TEM studies of the newer, higher
guality films, we can only assume that the as-grown films
have fewer inhomogeneities, so the ion-beam-induced de-
fects are distributed more uniformly. Estimating the density
of vacancies at the fluence required to destroy superconduc-
tivity indicates that they occur on a length scale of 8 A, This
uniform, atomic scale disorder can result in reduction of the
amplitude of the pair wave function, giving rise to the resis-
tive transitions shown in Fig. 2.

The shape of the R vs 7' characteristics provide addi-
tional evidence for this model. The slope of the linear region
from 300 K to just above the transition at 100 K changes
very little with damage up to a fluence of 1.5 10"/cm?,
which implies that the defects are simply acting as additional
scattering centers and thus increasing the residual resistiv-
ity. This behavior is consistent with cur maodel of beam-in-
duced point defects.

As a first step in demonstrating that ion irradiation
might be useful for tuning critical currents in Josephson de-
vices, we have irradiated selected areas of thin-fim siruc-
tures with 2.5 um linewidths which initially did not show
any ac Josephson effect. This is in contrast to the work of
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FIG. 3. Plotof d¥ /divs ¥ for a 2.5 jzm linewidth YBa,Cu, 0O, , film after
bombardment with 1 MeV Ne ' to a fluence of 3.5 10" /em’ | MeV Ne '
Shapiro steps induced in the {-V characteristic of the film by 6.5 Gliz mi-
crowave radiation (ac Josephson effect) are clearly visible as minima in the
curveat ¥ nlhv/2e), where nis an integer, £is Planck’s constant, and » is
the microwave frequency.

Kach et al.,'? who used ion irradiation to electrically isolate
their SQUID patterns. A copper stencil mask with a ~ 300-
pm-diam hole was used to delineate the irradiated region
and the finences of 1 MeV Ne™ were chosen to reduce the
critical currents by two orders of magnitude. Figure 3 shows
the microwave response of such a film after irradiation. The
critical current was initially 10.5 mA and a fluence of
3.5% 10" ions/cm” reduced it to 0.095 mA. Shapiro steps
appear af a voltage spacing of 13 gV in the /-V characteris-
tics, clearly illustrating the ac Josephson effect and showing
that a2 weak link has been formed."

In conclusion, we have demonsirated that the critical
currents of high quality YBa,CuyG; 5 films can be controi-
lably reduced by ion bombardment. This reduction in J, is
accompanied by relatively small changes in 7. and p(300
K. A model which assumes that the ion-beam-induced
damage creates point defects on a Jength scale that resulisin
vortex depinning can explain the observations. At higher
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fiuences, the density of the defects increases, creating disor-
der on an atomic scale and reducing the amplitude of the pair
wave function. This is reflecied in the resistive transitions
which remain sharp while T{onset) decreases with increas-
ing fluence. The use of ion irradiation to create a weak link
which is sensitive to microwave radiation has been demon-
strated. This technique has potential application to the fabri-
cation of superconducting weak link devices such as
SQUIDYs and current hmiters,
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